Cultural management practices that reduce the off -site transport of herbicides applied to row crops are needed to protect surface water quality. A soybean [Glycine max (L.) Merr.] fi eld study was conducted near Stoneville, MS on Sharkey clay to evaluate row spacing (50 cm vs. 100 cm) eff ects on metolachlor [2-chloro-N-(2-ethyl-6-methylphenyl)-N-(methoxy-1-methylethyl) acetamide] transport. One day after the foliar application of metolachlor to 2.03 m wide by 2.43 m long plots, 60 mm h −1 of simulated rainfall was applied until 25 min of runoff was generated per plot. Th e calculated mass of metolachlor intercepted by the soybean foliage was greater in narrow-row than wide-row soybean, 0.39 kg ha −1 vs. 0.23 kg ha −1 , respectively. Field and laboratory studies indicated that less than 2% of the metolachlor intercepted by the soybean foliage was available for foliar wash-off 1 d after application. Antecedent soil water content at the start of the simulations was lower in narrow-row soybean. In turn, there was a 1.7-fold greater time to runoff on narrow-row plots. Th e greater time to runoff likely contributed to lower metolachlor concentration in runoff from narrow-row plots. Cumulative metolachlor losses were signifi cantly greater in wide-row than narrow-row soybean, 3.7% vs. 2.2%, respectively. Findings indicate that narrow-row planting systems may reduce metolachlor runoff following a post-emergence application.
A more even distribution of plant roots in the soil profi le is achieved in narrow-row systems than wide-row systems, indicating potential for diff erential use of soil water between cultural management practices. Although diff erential use of soil water between narrow-and wide-row systems is a point of contention in the literature, greater use of soil water has been reported for some narrow-row systems (Sharrat and McWilliams, 2005; Dalley et al., 2006) . Th us, there is potential for the antecedent soil moisture content to be lower in narrow-row systems. Low antecedent soil moisture at inception of rainfall increases infi ltration, delays time to runoff , and reduces the concentration of herbicide in runoff due to greater leaching of the pesticide below the mixing zone (Leonard, 1990) . Consequently, the cumulative loss of herbicides in runoff is positively correlated with antecedent soil moisture content (Zhang et al., 1997; Smith et al., 2002) .
Cultural management practices that decrease soil erosion will reduce the potential for off -site transport of pesticides that are strongly sorbed to soil colloids. Relative to wide-row soybean, Shelton et al. (1986) reported that soil erosion and erosion rates were reduced by 50 and 37%, respectively, for narrow-row soybean when averaged over tillage systems, i.e., double disk, tillage-plant, strip rotary-tillage, and non-tillage. Similar results were reported for twin-row peanut (Arachis hypogaea L.) compared to single-row peanut (Truman and Williams, 2001) .
Despite the potential to reduce herbicide transport using alternative row spacings, no study has compared the transport of herbicides between narrow-and wide-row systems. Th e objective of this experiment was to compare eff ects of row spacing on foliar interception, foliar absorption, foliar rainfall wash-off , and runoff losses of metolachlor applied to the foliage of soybean at the four-leaf growth stage.
Materials and Methods

Site Description
Field studies were conducted in 2006 on the Delta Branch Experiment Station near Stoneville, MS (33°26′ N) on a Sharkey Clay (very-fi ne, smectitic, thermic chromic Epiaquert) consisting of 3% sand, 32% silt, 66% clay, 3.0% organic matter, 1% slope, and a pH of 6.4. Plots were disk-harrowed, spring-tooth cultivated, and bedded in the fall of 2005. An Orthman model 504-30B bed shaper (Orthman Mfg. Inc., Lexington, NE) with two lister bottom busters centered directly behind the tractor tires was used to construct beds that were 2.03 m wide and approximately 0.20 m in height. Two weeks before planting soybeans, glyphosate [N-(phosphonomethyl) glycine] was applied at 1.12 kg ae ha −1 in 47 L ha −1 water to kill existing weed vegetation. Soybean, Pioneer 94M80 Roundup Ready (Pioneer HiBreed International Inc., Johnston, IA), treated with mefanoxam [(R)-2-{2,6-dimethylphenyl)-methoxyacetylamino}-propionic acid methyl ester] and fl udioxonil [4-(2,2-difl uoro-1,3-benzodioxol-4-yl)-1H-pyrrole-3-carbonitrile] at 0.038 and 0.025 g a.i. kg −1 seed, respectively, were planted in either a narrow-row or wide-row confi guration. Th e wide-row system consisted of planting two rows spaced 100 cm apart centered on a 2.0 m wide bed, and the narrow-row system consisted of four rows spaced 50 cm apart on a 2.0 m wide bed. Th e same seeding rate, 323 708 seed ha
, was planted regardless of row confi guration resulting in the same number of plants per plot. Metolachlor formulated as Sequence (Syngenta Crop Protection, Greensboro, NC) was applied at 1.26 kg a.i. ha −1 with 8003 fl at fan spray tips (Spraying Systems Co., Wheaton, IL) from a height of 48 cm above soybean in the four-leaf growth stage with a compressed air tractormounted sprayer delivering 140 L ha −1 at 206 KPa. Metolachlor application rate was verifi ed by arranging four 7 cm diam. fi lter paper spray targets (Whatman no.2, Whatman Inc., Clifton, NJ) on the soil surface adjacent to each plot.
Rainfall Simulations
Plots, 2.03 m wide by 2.43 m long, were centered over the beds and delineated with aluminum frames pressed approximately 10 cm into the soil surface. Th e 2.43-m side was positioned parallel to the bed and in the center of each row, while the 2.03-m side was perpendicular to the bed. Antecedent soil water content was determined gravimetrically on surface soil samples collected adjacent to the plot at three depths. Canopy coverage at the time of herbicide application was determined using digital imagery (Purcell, 2000) . As described elsewhere, an oscillating nozzle rainfall simulator was used to deliver a nominal rainfall intensity of 60 mm h −1 (Wauchope, 1987a (Wauchope, , 1987b . Rainfall simulations were initiated 1 d after metolachlor application and continued until 25 min of runoff was generated per plot. All runoff generated during the simulation was captured in a holding tank positioned on the down-slope end of the plot. Runoff rate was determined by manually recording the water height in the holding tank at 60-s intervals. Runoff samples were collected for herbicide and sediment analysis at 0, 10, 15, 20, and 25 min in 1-L glass bottles. Additionally, at the end of the simulation, a composite sample was collected in a 1-L glass jar from the holding tank that contained all runoff generated during the simulation. All glass bottles were sealed with Tefl on-lined screw caps, placed on ice, and transferred to the laboratory refrigerator within 1 h of completing the simulation.
Field Foliar Wash-off
Before applying simulated rainfall, above-ground portions of two plants were clipped at the soil surface from an area adjacent to the runoff plot, and above-ground portions of two plants were clipped at the soil surface in the rainfall plot after the simulation. Foliage from each plant was rinsed individually for 5 min in 1-L glass jars containing 250 mL of water, and the water was analyzed for metolachlor.
Laboratory Foliar Wash-off , Absorption, and Translocation
Soybean seed, Pioneer 94M80 Roundup Ready (Pioneer HiBreed International Inc., Johnston, IA), was planted in 11-cm diam. plastic pots containing a 1:1 v/v ratio of potting mix (Jiff y mix, Jiff y Products of America Inc., Batavia, IL) and Bosket sandy loam (fi ne-loamy, mixed thermic Mollic Hapludalfs). Upon emergence, plants were thinned to one per pot, watered daily, and maintained in a greenhouse at 30/20° C day/night temperature with a 14-h photoperiod. When the fourth soybean leaf was fully expanded, a 5-μL volume of formulated metolachlor product [Sequence (Syngenta Crop Protection, Greensboro, NC) containing 0.46 kBq of 14 C-metolachlor (3.05 × 10 5 kBq mmol −1 specifi c activity; 96% radio-chemical purity)] was deposited on the adaxial surface of the terminal leafl et of the fourth fully expanded leaf as fi ve 1-μL droplets. Plants were harvested at 1, 2, 4, 8, and 24 h after treatment. Plants and roots were divided into treated terminal leafl et, remaining leaf and petiole, foliage above and below treated leaf, and roots. To remove non-absorbed herbicide, the treated terminal leafl et was rinsed by gently shaking for 15 s in 15 mL of distilled water adjusted to pH 5.7 with 85% phosphoric acid. Two 1-mL aliquots of the leafl et rinse were added to 15 mL of scintillation fl uid (Ecolume, ICN Biomedicals, Irvine, CA), and radioactivity was quantifi ed by liquid scintillation spectroscopy (LSS) (TriCarb 2500, Packard Instruments Co., Downers Grove, IL). Plant sections were wrapped in tissue paper (Kimberly-Clark, Roswell, GA), placed in glass scintillation vials, and oven-dried at 40° C for 48 h. Oven-dried plant samples were combusted with a biological sample oxidizer (Packard oxidizer 306, Packard Instrument Co., Meriden, CT), and sample radioactivity was quantifi ed by LSS. 
Sample Preparation and Analysis
Total sediment in runoff was determined by transferring a 200-mL aliquot of well-shaken runoff sample into a tared beaker and recording the weight of the residue after oven-drying. Spray targets were extracted 1 h after collecting by shaking 24 h with 25 mL methanol, and a 1-mL aliquot was removed for analysis. Runoff samples were thoroughly shaken, and 10-mL subsamples were removed and fortifi ed with terbuthazine at 5 ug mL −1
. Subsamples then were extracted using a 3-mL C 18 solid phase extraction column (Bakerbond, JT Baker Phillipsburg, PA) preconditioned with 4 mL methanol followed by 4 mL distilled water. Th e column was eluted with 2 mL methanol under negative pressure, and the extract was dried to 1 mL under a stream of nitrogen. Components of all extracts were identifi ed and quantifi ed using a Waters 2695 high performance liquid chromatography (HPLC) separations module equipped with a Waters 996 photodiode array detector (Waters Corp., Milford, MA). Th e HPLC was fi tted with a 2.1-mm-diam. by 150-mm-length Waters Symmetry C 18 column (Waters Corp., Milford, MA). Th e mobile phase solvents were HPLC grade and consisted of acetonitrile and water (55:45 v/v). Mobile phase fl ow rate was constant at 1.0 mL min 
Quality Control
Recovery of metolachlor from fortifi ed fi lter paper used for spray targets was 93 ± 1% (n = 8). Field application rates were adjusted based on these recovery values. Metolachlor was below the MDL in all fi eld blank water samples collected from the simulator holding tank before each rainfall event, and the concentration of metolachlor was below the MDL in all laboratory blanks. Matrix fortifi ed samples were prepared by adding 0.4 mL of 50 μg mL −1 metolachlor solution to 10 mL of fi eld blank sample. Th e average recovery of metolachlor from these samples was 110 ± 12% (n = 12). Field runoff samples were not adjusted for recovery.
Data Calculations
Herbicide and sediment concentrations were multiplied by the volume of runoff represented by the samples taken for analysis, and the results were summed to give total loads. Estimates for cumulative mass loss were obtained by multiplying the average concentration for each time step by the corresponding runoff volume. Average concentrations in the portion of the runoff that were not analyzed were estimated by linear interpolation between adjacent data points on chemographs (Potter et al., 2003) . Th e mass of metolachlor intercepted by the soybean canopy was calculated by multiplying herbicide mass applied (kg ha
) by the soybean canopy coverage at the time of application (Beverlein and Donigian, 1979) . Herbicide mass available for wash-off 1 d after herbicide application was calculated by multiplying water-extractable metolachlor (g plant ) by the plant density (plants ha ) (Wauchope et al., 2004) . Th e mass of metolachlor remaining on the crop canopy following rainfall simulation was calculated by multiplying water-extractable herbicide following the simulated rainfall event (g plant ) by the plant density (plants ha ) (Wauchope et al., 2004) . Herbicide wash-off (%) was determined by the following equation: Wash-off = [(Pre-rainfall (g ha
)] × 100 (Wauchope et al., 2004) .
Statistical Analysis
Field and laboratory experiments were analyzed in SAS GLM (SAS Institute, 2004) as a randomized complete block with three replications of each treatment. Treatments for the fi eld study included wide-and narrow-row spacing, and treatments for the laboratory study included time (1, 2, 4, 8, and 24 h after metolachlor application). Experiments were repeated in time and space, and after statistical analysis indicated no difference between data sets, data were pooled across experiments. Regression analysis was used to determine relationships between independent and dependent variables (SAS Institute, 2004) .
Results and Discussion
Hydrology
Antecedent soil moisture at all three depth intervals was lower in narrow-row soybean (Table 1) . Crop row spacing infl uences canopy architecture and, in some instances, utilization of soil water (Sharrat and McWilliams, 2005) . Greater soil water use in narrow-row systems compared to wide-row systems has been reported for corn (Sharrat and McWilliams, 2005; Dalley et al., 2006) . Our soil moisture data indicate greater water use in narrow-row vs. wide-row soybean, likely due to a more even distribution of plant roots in the former.
Greater water use in narrow-row soybean altered the hydrology relative to the wide-row system (Table 2; Fig. 1 ). Time to runoff was delayed almost twofold in the narrow-row system allowing approximately 9 mm more water to infi ltrate before inception of runoff (Table 2 ). However, during the 25 min runoff event, there was no diff erence in the runoff rate or total runoff loss between cropping systems ( Fig. 2 ; Table 2 ). Th is indicates that greater water use in narrow-row soybean primarily altered the system's hydrology by decreasing the soil moisture content, increasing infi ltration and, ultimately, increases the time to runoff . Shelton et al. (1986) reported that the time to runoff was greater for tillage systems in narrow-row soybean than in widerow soybean; moreover, in the narrow-row system, total runoff and runoff rate were reduced by 36 and 17%, respectively. Th ese observations were attributed to a more even distribution of plant roots in the narrow-row system that provided a more uniform series of pathways for infi ltration. Similarly, Truman and Willams (2001) reported that total runoff from twin-row peanut was three times less that that from single-row peanut.
Sediment Transport
During the 25 min runoff event, average sediment concentration and cumulative sediment loss were independent of row spacing (Fig. 3, Table 2 ). However, due to a twofold delay in the time to runoff in the narrow-row system, there was a 10-min interval when only the wide-row system was generating runoff and transporting sediment. During this time interval, more sediment was transported in the wide-row system than the narrow-row system. Consequently, cumulative sediment loss was statistically lower in narrow-row soybean than wide-row soybean from 15 to 45 min after application of simulated rainfall. Th us, data indicate the potential for narrow-row soybean to reduce sediment transport relative to wide-row systems inasmuch as time to runoff is delayed.
Spray Rate Validation
Th e recovery of metolachlor from spray targets indicated a high level of precision and accuracy across plots and experiments (Table 1) . Relative to the nominal application rate of 1.26 kg ha −1 , the measured application rate in narrow-row soybean was 99 ± 7% compared to 100 ± 5% for wide-row soybean. Th ese measured deposit amounts were used to calculate foliar interception at the time of application and runoff losses as a fraction of metolachlor applied.
Field Foliar Wash-off
Soybean canopy coverage and the mass of metolachlor intercepted by the soybean canopy at the time of herbicide application was 1.7-fold greater in narrow-row soybean (Table 1, Table 3 ). Th e mass of metolachlor recovered from the soybean foliage pre-and post-rainfall was independent of row spacing, averaging 4.0 and 0.4 g ha , respectively (Table 3) . Consequently, foliar wash-off was not diff erent between wide-and narrow-row soybean (Table 3) .
Relative to the calculated mass of metolachlor intercepted by the soybean canopy, the susceptibility of metolachlor to wash-off from soybean foliage was reduced by 98% in both planting systems 1 d after application. In contrast, for highly water-soluble and/or ionic pesticides, almost 100% of the mass intercepted by the foliage is vulnerable to foliar wash-off by rainfall 1 d after application (Caseley and Coupland, 1980; Pick et al., 1984; Cohen and Steinmetz, 1986; Sundaram, 1990; Willis et al., 1992; Reddy et al., 1994; Wauchope et al., 2004; Matocha et al., 2006) . Th us, the susceptibility of herbicide foliar wash-off by rainfall and subsequent loss in surface runoff appears to be lower for non-polar than polar pesticides.
Under the conditions of the fi eld experiment, it was not possible to elucidate the mechanism(s) responsible for the 98% decline in herbicide mass available for wash-off . We propose that Table 1 . Metolachlor application rate, antecedent soil moisture content, canopy coverage, and rainfall applied to narrow-and wide-row soybeans. the primary mechanism(s) responsible for this decline include foliar absorption and/or volatilization. Leonard (1990) suggested that lipophilic compounds, such as metolachlor, penetrate waxes at the leaf surface and become diffi cult to dislodge by rainfall. Th is was demonstrated for the lipophilic pesticide toxaphene in which only 7 to 10% of the mass applied to cotton foliage was available for rainfall wash-off , regardless of time after application (McDowell et al., 1985) . Additionally, fi eld studies indicate that metolachlor volatilization ranges from 12 to 47% of the mass applied and, depending on a number of factors including solar radiation, relative humidity, and soil moisture, most of the volatile loss occurs by 72 h after application (Keller and Weber, 1997; Prueger et al., 1999; Rice et al., 2002; Prueger et al., 2005) . Data also indicate that metolachlor volatilization from plant residues is likely greater than that from soil. For example, Parochetti (1978) reported 0.1% metolachlor volatization from soil application compared to 12 to 37% when applied to various plant residues. Regardless of the mechanism(s) responsible for the rapid decline in the mass of metolachlor intercepted by the soybean canopy, our data indicate that the contribution of foliar wash-off to the off -site transport of metolachlor in runoff is negligible for both wide-and narrow-row soybean.
Foliar Wash-off , Absorption, and Translocation
A laboratory foliar wash-off , absorption, and translocation study was conducted with 14 C-metolachlor to determine the fate of the herbicide once intercepted by the soybean canopy. Recovery of 14 C-metolachlor pooled across all treatments was 83%. Th e percentage of 14 C-metolachlor in this study that was not recovered (17%) was within the range of values reported for volatilization loss when applied to soil and foliage (Parochetti, 1978; Keller and Weber, 1997; Prueger et al., 1999; Rice et al., 2002; Prueger et al., 2005) . Foliar wash-off of metolachlor applied to the adaxial surface of the terminal soybean leafl et was described by fi rst-order kinetics (Fig. 4) . Th e rapid decline in 14 C metolachlor available for wash-off at 8 and 24 h after application (6 and 4%, respectively) supports the fi eld wash-off results. Moreover, the laboratory study indicates that as soon as 8 h after application the potential for foliar wash-off and subsequent transport of metolachlor in surface runoff is negligible.
Absorption of metolachlor applied to the adaxial surface of the terminal leafl et of four-leaf soybean was described by fi rstorder kinetics (Fig. 5) . Absorption was rapid accounting for 94 and 96% of the recovered 14 C at 8 and 24 h, respectively. Twenty-four h after application, translocation was minimal accounting for less than 0.1% of the recovered 14 C (Fig. 5) . Th us, results from this study indicate that at approximately 24 h after application, 96% of non-volatilized metolachlor is sequestered in the soybean foliage, primarily at the point of droplet contact. Moreover, these data support the hypothesis that non-polar pesticides penetrate waxes at the leaf surface and become diffi cult to dislodge by rainfall (McDowell et al., 1985) .
Metolachlor Transport in Runoff
In both wide-and narrow-row systems, the decline in herbicide concentration during the course of the runoff event was described by fi rst-order kinetics (Fig. 2) . Regression analysis indicated a higher concentration of metolachlor in runoff from wide-row plots. Although runoff rate and cumulative runoff were not diff erent between row spacing (Table 2 , Fig. 2) , the cumulative loss of metolachlor in surface runoff was 2.1-fold greater in the wide-row system (Table 2 ). Since cumulative water loss was not diff erent between narrow-and wide-row systems, a greater loss of metolachlor in the wide-row system was due to a higher concentration in runoff .
Th e concentration of metolachlor in runoff samples was negatively correlated with time to runoff (Fig. 6 ), similar to results by others (e.g., Leonard, 1990) . Since the concentration of an herbicide in surface runoff is strongly correlated to the herbicide mass in the mixing zone (Leonard et al., 1979) , data indicate a lower herbicide concentration in the mixing zone of narrowrow soybean. Th ere are two plausible explanations for a lower concentration of metolachlor in the mixing zone of narrow-row soybean. First, more soil was exposed in the wide-row system than the narrow-row system due to lower canopy coverage with approximately 32% more metolachlor reaching the mixing zone in the former, i.e., 1.07 kg ha −1 metolachlor for wide-row soybean compared to 0.81 kg ha −1 metolachlor for narrow-row soybean. Second, due to lower antecedent soil moisture, approximately 9 mm more water infi ltrated in the narrow-row system before inception of runoff . Greater infi ltration in the narrow-row-system before inception of surface runoff likely resulted in more herbicide leaching below the mixing zone.
In other reports, runoff losses of metolachlor in soybean when the herbicide was applied directly to soil before plant emergence averaged 3.1% and ranged from 0.1 to 21.7% (Logan et al., 1994; Shaw, 1996a, 1996b; Southwick et al., 1997; Tingle et al., 1998; Kim and Feagley, 2002) . Similar results were observed in the present study where metolachlor was applied after crop emergence. Th us, our data do not indicate that the foliar application of metolachlor to soybean increases its runoff potential relative to a standard pre-emergent herbicide program; however, the mass of metolachlor available for herbicide transport might be reduced in a post-emergence, over the top application program compared to a standard pre-emergent weed control program. Essentially, the mass of metolachlor applied over the top of soybean is reduced in proportion to the canopy coverage at the time of application. Since the runoff potential for an herbicide is proportional to the mass applied (Leonard 1990) , the runoff potential of metolachlor applied over the top of soybean is likely reduced relative to a standard pre-emergent application.
Conclusions
Cumulative metolachlor losses in surface runoff were 2.1-fold greater in wide-row soybean than narrow-row soybean. Two characteristics of narrow-row soybean that reduced metolachlor transport in surface runoff include greater canopy coverage and lower antecedent soil moisture. Canopy coverage and metolachlor mass intercepted by the soybean canopy was 1.7-fold greater in narrow-row soybean. Foliar absorption and subsequent sequestration of metolachlor by soybean foliage was rapid, with less than 2% available for foliar wash-off by rainfall 1 d after application. Consequently, the metolachlor mass reaching the soil surface and available for transport in surface runoff was reduced by 32% in the narrow-row system. Moreover, lower antecedent soil moisture levels in narrow-row soybean delayed the inception of runoff , increased infi ltration, and likely promoted the leaching of metolachlor below the mixing zone. Th ese combined eff ects reduced the metolachlor mass available for transport in the mixing, thereby curtailing herbicide transport in surface runoff . Results from this study demonstrate potential for narrow-row soybean systems to reduce surface runoff losses of metolachlor applied over the top of the canopy. Yet, future studies are required including (i) eff ect of row spacing on the transport of ionic and non-ionic pesticides applied pre-and post-emergent in other row crops, i.e., corn, cotton, and wheat; and (ii) combined eff ects of row spacing, planting density, and reduced tillage practices on pesticide transport.
